In this study, the glutamate decarboxylase (GAD) gene from Lactobacillus brevis IFO12005 (Biosci. Biotechnol. Biochem., 61, 1168-1171), was cloned and expressed. The deduced amino acid sequence showed 99.6% and 53.1% identity with GAD of L. brevis ATCC367 and L. lactis respectively. The His-tagged recombinant GAD showed an optimum pH of 4.5-5.0, and 54 kDa on SDS-PAGE. The GAD activity and stability was significantly dependent on the ammonium sulfate concentration, as observed in authentic GAD. Gel filtration showed that the inactive form of the GAD was a dimer. In contrast, the ammonium sulfate-activated form was a tetramer. CD spectral analyses at pH 5.5 revealed that the structures of the tetramer and the dimer were similar. Treatment of the GAD with high concentrations of ammonium sulfate and subsequent dilution with sodium glutamate was essential for tetramer formation and its activation. Thus the biochemical properties of the GAD from L. brevis IFO12005 were significantly different from those from other sources.
Glutamate decarboxylase (GAD) is a pyridoxal 5
0 -phosphate (PLP) dependent enzyme that catalyzes the irreversible alpha-decarboxylation of L-glutamate to gamma-aminobutyric acid (GABA). GAD is widely distributed in nature, in microorganisms, plants, and animals. 1) GABA is an amino acid not found in proteins, a major inhibitory neurotransmitter with hypotensive and diuretic effects in animals. 2, 3) Some GABA-containing foods, such as tea, 4) beni-koji, 5) and germinated brown rice 6) have been developed. Enzymatic properties and molecular cloning of GAD genes in Escherichia coli gad A (Gad A), gad B (Gad B), [7] [8] [9] [10] Lactococcus lactis gad B (Gad B), [11] [12] [13] [14] [15] Neurospora crassa (Gad protein), 16 ) Listeria monocytogenes gad A (Gad A), gad B (Gad B), 17) Shigella flexneri gad A (Gad A), gad B (Gad B), 18) and Aspergillus oryzae gad A (Gad A) 19, 20) have been reported so far, but only a few reports on the biochemical properties of GAD have been published, due to its intrinsically unstable nature.
Among these, E. coli GADs (two isoforms, Gad A and Gad B) have been characterized in detail. One of the unique points is that activity was stimulated by NaCl. 21, 22) The GADs were shown to prevent acidification of culture medium by converting glutamic acid to GABA (an acid-tolerance mechanism). 23) The crystal structures of GADs have been elucidated. 22, 24) We have screened for GABA-producing microorganisms from fermented foods and other sources, and have succeeded in isolating several lactic acid bacteria. 25) In parallel with this screening, we selected Lactobacillus brevis IFO12005 as a standard strain in order to compare with the biochemical properties of GAD from other sources, but the productivity of GAD was not sufficient to study biochemical properties. In addition, GAD was also unstable during purification by several column chromatographies. Hence we carried out cloning of the GAD gene and its expression using E. coli in order to get large amounts of GAD. Using the recombinant GAD, we elucidated some unique characteristics of the GAD as activation by ammonium sulfate.
Quite recently, gene cloning and expression of GAD from Lactobacillus brevis OPK-3 in E. coli was reported, 26) but the recombinant GAD was not purified and characterized. One of the reasons why that team did not study the biochemical properties of a purified enzyme might be the unstable nature mentioned above.
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Materials and Methods
Restriction enzymes and DNA-modifying enzymes were purchased from Nippon Gene (Tokyo), New England Biolabs (Ipswich, MA), and Toyobo (Osaka, Japan). A DIG DNA labeling kit was purchased from Roche Diagnostics (Basel, Switzerland). A nylon membrane was from Pall (East Hills, NY) and a PVDF membrane was from Millipore (Billerica, MA). Ni-NTA agarose and pQE-70 were from Qiagen (Hilden, Germany). Other reagents were purchased from Wako Pure Chemicals (Osaka, Japan) or Nacalai Tesque (Kyoto, Japan).
Strains and culture conditions. Lactobacillus brevis IFO 12005 was cultivated under static conditions in glucose-yeast extract-peptone (GYP) medium containing 1% sodium glutamate for 24 h at 30
C. E. coli JM109 harboring an expression plasmid was cultivated in LB broth containing 50 mg/ml of ampicillin at 37 C for 24 h. E. coli Rosetta-gami B (DE3) pLac I harboring an expression plasmid was cultivated under similar conditions with 50 mg/ml of ampicillin and 15 mg/ml of kanamycin.
GAD gene cloning. Genomic DNA was purified from L. brevis IFO 12005 using the Wizard Ò SV Genomic DNA Purification System (Promega, Madison, WI), and was subjected for PCR. A partial GAD gene was amplified by PCR using KOD-plus (Toyobo) and the following primers: 5 0 -CAR ATG GAR CCN CAR GCN GAY GA-3 0 and 5 0 -GG RTA NGC NGG NAC YTG CCA-3 0 . The amplified DNA fragment was subcloned into pPCR-Script Amp predigested cloning vector with a PCR-Script Amp cloning kit (Stratagene, La Jolla, CA). The plasmid obtained was digested with Eco RI, and the insert DNA (about 1 kbp) was labeled with a DIG-labeling kit (Roche Diagnostics) and used as a probe in screening.
A Pst I/Sal I digested genomic DNA fragment of L. brevis IFO 12005 was ligated into the Pst I/Sal I site of pUC18, then transformed into E. coli JM109 to construct a partial genomic DNA library. About 500 colonies were screened by colony hybridization using a DIG-labeled DNA probe. A 5-kbp DNA fragment was sequenced by gene walking. A Taq dye deoxyÔ terminator cycle sequencing kit (Perkin Elmer) and Perkin Elmer model 373A DNA sequencer were used in sequencing.
Construction of expression plasmid. An expression vector, pQE-70, was initially digested with Sph I, bluntended with a DNA-blunting kit (Takara, Kyoto, Japan), and digested with Bgl II. A GAD gene of L. brevis IFO 12005 was amplified by PCR using the following primers: 5 0 -C ATG ATG AAT AAA AAC GAT CAG GAA AC-3 0 and 5 0 -GAAGATCT AAC GGT GGT CTT GTT ATC TTG-3 0 . The DNA fragment obtained was digested with Bgl II, and after treatment with T4 polynucleotide kinase (Takara) it was ligated into pQE-70 vector, prepared as described above, to express a C-terminally (His) 6 -tagged fusion protein in E. coli.
Purification of GAD-(His) 6 fusion protein. E. coli Rosetta-gami B (DE3) pLac I cells harboring the expression plasmid were shaken at 110 strokes/min overnight at 37 C in LB medium containing 50 mg/ml of ampicillin and 15 mg/ml of kanamycin. The overnight culture was inoculated into the same medium. The cultivation was continued with shaking at 25 C. The fusion protein was induced by the addition of 1 mM IPTG when the absorbance at 660 nm reached 0.6, and then it was cultured overnight at 25 C. The cells, harvested by centrifugation at 10;000 Â g for 15 min at 4 C, were washed once with chilled distilled water, and then suspended in phosphate-buffered saline (PBS) containing protease inhibitor cocktails (Roche Diagnostics). The cells were disrupted by ultrasonication at 4 C, and then triton X-100 was added (final concentration, 1%), then it was left on ice for 1 h. The supernatant obtained after centrifugation at 15;000 Â g for 20 min at 4 C was applied to the Ni-NTA-agarose column. The column was washed with PBS, and then the fusion protein was eluted stepwise with 20 to 250 mM imidazole-containing PBS buffer.
Enzyme assay. Enzyme solution (0.1 ml) and 0.1 ml of 4 M ammonium sulfate were mixed. After incubation for several min at room temperature, 1.3 ml of substrate solution (20 mM sodium glutamate, 0.2 mM PLP, 0.2 M pyridine-HCl, pH 4.6) were added to the enzyme solution, and then the reaction mixture was incubated at 37 C for 60 min. The reaction was stopped by boiling for 5 min, and GABA was analyzed by TLC (Merck, Darmstadt, Germany; solvent, n-butanol:acetic acid: water 3:2:1 (v/v/v); detection, ninhydrin), and quantified with an amino acid analyzer (Shimazdu LC-9A, using a Shim-pack Isc-07 Na column, Shimazdu, Kyoto, Japan).
One unit of enzyme activity (U) was defined as the amount of enzyme forming 1 micromole of GABA per min.
CD spectrum. The CD spectrum (200-250 nm) of the purified GAD (dissolved in 10 mM sodium McIlvain buffer, pH 5.5 or 7.0) was measured with a Jasco J-720-A spectropolarimeter (Nihon Bunko, Tokyo) at 25 C using a quartz cuvette with a 0.1-cm path.
Gel-filtration column chromatography. A Superdex 200 10/300 GL (GE Healthcare, Uppsala, Sweden) sizeexclusion column was equilibrated with buffer (50 mM sodium acetate buffer, pH 5.5, 0.5 M ammonium sulfate, 0.2 mM PLP, and 1 mM sodium glutamate) and calibrated with standards (1.35-67 kDa; Bio-Rad, Hercules, CA) at a flow rate of 0.2 ml/min. Purified recombinant GAD (120 mg protein in the same buffer) were loaded onto the column, and the apparent molecular weight was estimated from the standard curve.
Results

GAD gene cloning
After screening of a partial DNA library, containing about 4 to 6 kbp Pst I/Sal I genomic DNA fragments, a 5-kbp DNA fragment containing about 1.6 kbp GAD gene was obtained. The GAD gene of L. brevis IFO 12005 was 1,440 bp (ORF), encoding a protein of 480 amino acids (Fig. 1, accession no., AB258458) . The nucleotide sequence showed 99% identity with that of Lactobacillus brevis ATCC367, but no matching with that of L. brevis OPK-3. 26) A deduced amino acid sequence of GAD from L. brevis IFO 12005 showed 99.6% identity with that of L. brevis ATCC367, 53.1% identity with that of L. lactis, and 38.1% identity with that of E. coli (Gad B). By multiple alignment analysis reported by Sukhareva et al., 27) highly conserved catalytic amino acid residues were also found in the L. brevis GAD. Therefore, Asp 256, His 288, and Lys 289 were assumed to be the catalytic amino acids. They are shown in Fig. 1 (boxed) .
Expression and purification of the GAD protein
The expression level of His-tagged GAD protein (GAD-6xHis) in E. coli JM109 was very low (Fig. 2A) , and low GAD activity was detected. In contrast, the expression level of GAD-6xHis increased drastically The nucleotide sequence and the deduced amino acid sequence are numbered on the right. The assumed ribosome-binding site is shown by underline. The presumed catalytic amino acid residues (Asp256, His288, and Lys289) are shown by boxes. The accession number of the gene is AB258458.
when E. coli Rosetta-gami B (DE3) pLac I was used as the host strain (Fig. 2B) , and higher GAD activity was detected.
A cell-free extract of the cells from 1 liter of culture was applied to the Ni-NTA-agarose column, and about 10 mg of the fusion protein was purified as a single band by Coomassie staining after SDS-PAGE (Fig. 2B) . The N-terminal amino acid sequence (five amino acid residues) of the recombinant GAD protein was found to be identical with that of authentic GAD. Western blotting analysis revealed that the purified authentic and recombinant GAD proteins were recognized by anti-GAD antiserum raised against authentic GAD of L. brevis IFO12005 (Fig. 2C) .
Characteristics of the recombinant GAD
The recombinant GAD, purified as a His-tagged fusion protein, showed optimum pH at 4.5-5.0, and was fully activated after initial treatment with ammonium sulfate (> about 1.8 M) (Fig. 3A, and in Fig. 3B , state 1 to state 2) and the following addition of substrate (Fig. 3B, state 2 to state 3) , and the K m value was 1.4 mM. In contrast, authentic GAD protein showed optimum pH at 4.2-4.6, and was fully activated by similar procedures, with a K m value of 1.0 mM (Table 1) . 28) The thermal stability of the recombinant GAD was enhanced in the presence of ammonium sulfate at 0.5 M and higher concentrations (Fig. 4) .
Gel-filtration column chromatography
The recombinant GAD was eluted from the column as a single peak (Fig. 5A ) corresponding to the dimer (apparent molecular weight, 110 kDa) at pH 7.0 (a similar single peak was also detected at pH 5.5), The GAD activity of the authentic GAD ( ) and recombinant GAD ( ) was measured at various concentrations of ammonium sulfate. The ''initial'' scale shows initial concentrations of ammonium sulfate added to the enzyme solution before the addition of the other materials, and the ''final'' scale shows final concentrations of ammonium sulfate in the reaction mixture after the addition of all materials, such as GAD, PLP, ammonium sulfate, and sodium glutamate. Maximal GAD activity is shown as 100%. Values are averages of three replicates, and standard deviations are indicated by vertical bars.
whereas the GAD after ammonium sulfate activation and the following dilution with sodium glutamate was eluted as a tetramer (apparent molecular weight, 250 kDa) at pH 5.5 (Fig. 5B) .
CD spectrum analysis CD spectra of the recombinant GAD were measured in the far UV region (200-250 nm). The CD spectrum of the GAD dimer ( Fig. 6c ; the sample used was the minor peak in Fig. 5B ) and that of the tetramer (active form, in Fig. 6b ; the sample used was the major peak in Fig. 5B ) at pH 5.5 were similar to each other, but clearly different from that of the GAD dimer at pH 7.0 (the inactive form, in Fig. 6a ).
Discussion
We have reported some enzymatic properties of authentic GAD from L. brevis IFO12005.
28) The presence of sulfate ions and dimer formation were essential to the enzymatic activity. GADs of microbial origin, such as E. coli and Aspergillus oryzae, are hexametric except for the GAD of Neurospora crassa (Table 1) . 15, 19, 21, 28, 29) In the case of Gad B from E. coli, it has been reported that GAD is stimulated by NaCl.
22)
The halide-binding site was identified to be the bases of the N-terminal helices, which are necessary to form two triple-helix bundles of the Gad B hexamer. 22) In order to characterize the GAD from L. brevis IFO12005 in detail, we isolated and cloned its gene. The deduced amino acid sequence showed considerable similarity to Gad B of other microbial species, with L. brevis ATCC367 GAD, 99.6%, 30) with L. lactis GAD, 14) 53.1% and with E. coli Gad B, 38.1%. However, detailed biochemical data have not been reported for the GAD from L. brevis ATCC367 or L. lactis, except for that from E. coli.
In E. coli chromosome, two GAD isoforms, gad A and gad B, are located separately. Another gene, gad C, encodes a putative glutamate/GABA antiporter. This GAD system of E. coli is assumed to control the acidification of cytosol by decarboxylating a glutamate into a neutral GABA through the incorporation of H þ .
23)
L. brevis IFO12005 had only a single copy gene for gad B (data not shown), as did L. lactis. A gene similar to gad C (accession no., AB258459) was also located very close to the 5 0 -side of the gad B gene (42.5% identity with L. lactis gad C). These results suggest that L. brevis IFO 12005 has an acid tolerance mechanism similar to L. lactis.
15)
The total amount of authentic GAD purified from L. brevis IFO12005 was 0.45 mg/l of culture, whereas the recombinant GAD purified from E. coli Rosetta gami B harboring the expression plasmid yielded 10 mg/l of culture. Thus we succeeded in getting enough enzyme to study the biochemical properties of GAD.
The K m value of recombinant GAD (1.4 mM) was slightly higher than that of authentic GAD (1.0 mM). This difference might be due to interference of the Cterminal His-tag of the recombinant GAD of L. brevis IFO12005 with the creation of a proper substratebinding pocket.
Activation of enzyme activity by a high concentration of ammonium sulfate (1.6 M) has been reported for phospholipase D, 31) but the mechanism has not yet been clarified. Initially, we thought that the high concentration of ammonium sulfate might lower the pH of the reaction mixture, and that this low pH might induce conformational changes in L. brevis GAD. However, acidic pH treatment (pH 4.0-5.5) of GAD without the addition of ammonium sulfate did not result in activation even after subsequent addition of sodium glutamate. At the second step of activation, dilution of the ammonium sulfate-treated GAD with sodium glutamate solution was essential, because this step was not replaced with distilled water, 50 mM sodium acetate buffer (pH 5.5), or pyridoxal 5 0 -phosphate solution. Thus it was found that in order to activate L. brevis IFO12005 GAD, treatment with a high concentration of ammonium sulfate and subsequent dilution with glutamate solution are essential.
In Fig. 5B , the major peak of the tetramer (retention time, 58 min) showed GAD activity, and in contrast, the minor peak of the dimer (retention time, 68 min) did not show any GAD activity. The dimer was not activated by the addition of ammonium sulfate and subsequent dilution with sodium glutamate. These results suggest that the tetramer is an active form and the dimer is an inactive form. We have reported that dimer formation was essential to activity, 28) but that proved to be a mistake. As far as we know, this is the first report of a tetramer form of GAD from microorganisms (Table 1) . 15, 19, 21, 28, 31) CD spectral analyses revealed that the structure of the active form of GAD at pH 5.5 was different from that of the inactive enzyme at pH 7.0. The addition of ammonium sulfate did not cause any significant structural changes at either pH level, suggesting that it did not induce overall structural changes, but did induce subtle structural changes at the active site, probably in the vicinity of the presumed catalytic residues, D256, H288, and K289, of L. brevis 12005 GAD. These residues are well conserved among all GADs, even those with low overall similarity.
Consequently we can say that hydrophobic interactions between subunits under a high concentration of ammonium sulfate and proper binding of sodium glutamate to the GAD facilitate making an active tetramer from an inactive dimer. It is very doubtful to expect such a high hydrophobic situation in nature. In order to understand the activation mechanism of the GAD, further study including crystal structural analysis is necessary.
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